Abstract. Experiments were established to evaluate the suitability of growing degree-day (GDD, T base = 0 8C) models for predicting emergence, tip dieback, and flowering of lowbush blueberry ramets in Nova Scotia, Canada. Data for model development were collected from quadrats established in several non-bearing and bearing blueberry fields throughout the dominant blueberry production areas in northern and central Nova Scotia. Blueberry ramets emerged between 222 and 265 GDD (6 May to 14 May) and reached 90% emergence between 619 and 917 GDD (7 June to 5 July). Emergence continued to slowly increase until late summer or early fall. Tip dieback began between 598 and 792 GDD (14 June to 21 June) and duration of this phase depended on whether lateemerging ramets developed to tip dieback. A four-parameter Weibull and a three-parameter Gompertz equation adequately explained cumulative blueberry ramet emergence and cumulative ramets at tip dieback as functions of GDD in the non-bearing year, respectively. The four-parameter Weibull function also explained the relationship between cumulative flowering ramets and GDD in the bearing year. Flowering ramets were first observed between 376 and 409 GDD (19 May to 30 May) in the bearing year. Model predictions for initiation of emergence, tip dieback, and flowering were 243, 692, and 389 GDD, respectively. Models were validated with independent data sets collected throughout northern and central Nova Scotia. The relationship between the percentage of open flowers on individual ramets and GDD in the bearing year was well described by a Gaussian model at two sites with a predicted peak number of open flowers between 552 and 565 GDD.
The lowbush blueberry is a native, perennial berry species in Nova Scotia. Commercial fields are not planted but are developed on abandoned farmland or cleared woodland where native blueberry stands already exist (Agriculture and Agri-Food Canada, 2005; Barker et al., 1964) . These stands are composed of distinct and variable clones that spread by underground rhizomes (Glass and Percival, 2000; Hall and Aalders, 1961) . The crop is managed on a 2-year cycle. Plants are pruned to ground level to promote vegetative growth in the first, or non-bearing, year. Flowering, fruit development, and harvest occur in the second, or bearing, year.
Growth and development in the non-bearing year consists of ramet emergence from underground rhizomes and growth of these ramets until abortion of the apical meristem (tip dieback) stimulates development of floral buds in late summer and fall Barker and Collins, 1963; Hall and Ludwig, 1961) . Ramets generally emerge rapidly from mid-May until late June (Eggert, 1957) . Initiation of emergence is largely determined by temperature and date of spring pruning (Eaton and White, 1960; Trevett, 1962) . Modern blueberry production systems in Nova Scotia typically use fall pruning after harvest in the bearing year instead of spring pruning in the non-bearing year as described by Trevett (1962) . Because pruning does not actually occur in the non-bearing year, initiation of ramet emergence in this phase of the production cycle in Nova Scotia is likely regulated primarily by air or soil temperatures in early spring.
Vegetative growth of emerged ramets is most rapid in warm temperatures and long days (Hall and Ludwig, 1961; Kender, 1967) . Tip dieback is not thought to be induced by external stimuli (Barker and Collins, 1963) , but temperature is an important factor affecting apical shoot abortion in some woody species (Millington, 1963; Suzuki, 1991) . Abortion of the apical meristem in lowbush blueberry is a prerequisite to flower bud initiation in the non-bearing year (Bell, 1950; Bell and Burchill, 1955) . Therefore, the time period between ramet emergence and tip dieback is crucial in terms of establishment of both crop density and biomass that will support the development of flower buds in the bearing year. Extensive stands of lowbush blueberries in certain regions of Nova Scotia regularly fail to produce acceptable fruit yields, primarily as a result of limitations imposed on growth and development by low temperatures in both the non-bearing and bearing years (Hall et al., , 1970 . Therefore, rates of ramet emergence and development to tip dieback in the non-bearing year may simply be a function of temperature within a given growing season.
Growth and development in the bearing year are comprised of leaf expansion and flowering in spring (Bell and Burchill, 1955; Hall et al., 1979) and fruit development and harvest by late summer. Flowering is delayed by cool temperatures (Bell, 1953) , but flower buds typically swell in early May when air temperatures exceed 10°C for more than 4 d (Hall et al., 1979) . The bloom period is from 1 to 3 weeks (Chiasson and Argall, 1996; Wood, 1961) and timely movement of honeybee hives during bloom is important for ensuring adequate pollination.
Most management practices in lowbush blueberry production are governed by the timing of ramet emergence or specific ramet growth stages. Blueberry growers rely on calendar dates (e.g., Aalders et al., 1972) or general references to crop development stage (Anonymous, 2011) for timing these management practices. Relating blueberry ramet emergence and growth stage to GDDs should reduce the variability in timing of these processes observed between field locations and growing seasons (Bell, 1950 (Bell, , 1953 Wood, 1961) . GDD models have been useful for predicting harvest dates of highbush blueberry cultivars in Michigan (Carlson and Hancock, 1991) and cumulative flowering of 'rabbiteye' blueberries (NeSmith and Bridges, 1992). Similar models have not been developed for lowbush blueberries in Nova Scotia, but GDD models to predict maturity of perennial forage crops in this region have been successful (Bootsma, 1984) . The effects of weather conditions have proven inconsistent in terms of predicting lowbush blueberry fruit production in Eastern Canada (Hall et al., 1982) , but no attempts have been made to model growth and development of this species as functions of GDDs.
The lowbush blueberry acreage in Nova Scotia increased by 31% between 1992 and 2003 and is expected to exceed 40,000 acres by 2013 (Strik and Yarborough, 2005) . This increased acreage, in combination with management practices driven by the growth and development of a native species in response to environmental conditions, gives immediate applicability to predictive models in crop management. The objectives of this study were to 1) develop GDD models to predict emergence and tip dieback of lowbush blueberry ramets in the non-bearing year and flowering in the bearing year; and 2) validate these models with independent data sets collected throughout northern and central Nova Scotia.
Materials and Methods
Site selection. Blueberry ramet emergence and development were monitored in six commercial lowbush blueberry fields in Nova Scotia between 2009 and 2011. Site locations were chosen based on proximity to large blueberry acreages in northern and central Nova Scotia. All sites were initially established in fields that had been pruned by flail mowing at the end of the previous season. Two sites were established in the non-bearing year near Collingwood in 2009 (Purdy and Wyvern) with an additional non-bearing year site near Collingwood in 2010 (Pigeon Hill) ( Table 1) . Non-bearing year sites were also established near Londonderry in 2010 and Mount Thom and North River in 2011 (Table  1) . Sites established in non-bearing fields in 2009 and 2010 were retained for bearing year data collection in 2010 and 2011, respectively (Table 1) .
Weather data. Hourly air temperature at each site was monitored using temperature loggers (HOBO Pro V2; Onset Computer Corporation, Cape Cod, MA). Data loggers were attached to wooden stakes and were located %0.5 m above the soil surface. Regional air temperature data from the nearest Environment Canada weather station were used to supplement field-based temperature data so that GDDs could be calculated starting on 1 Apr. (day of year 91). Cumulative GDDs were calculated using the formula:
where T mean is the mean daily air temperature, T base is the lowest air temperature at which we assume blueberry emergence or development will not occur, and n is the number of days over which GDDs are calculated. In this equation, GDD = 0 if T mean # T base , similar to the approach used by Gordon and Bootsma (1993) for determining annual GDD accumulations in Atlantic Canada. Rainfall data for each site were obtained from the nearest Environment Canada weather station. Mean daily air temperature and rainfall data for non-bearing and bearing year sites are provided in Figures 1 and 2 . Emergence and development data. Emergence and development of blueberry ramets (e.g., individual shoots) to the tip dieback stage were monitored in four 0.09-m 2 quadrats established at non-bearing year sites in 2009, 2010, and 2011 (Table 1) . Quadrats were placed in separate clones where possible, but individual clones could not be clearly identified at the time of quadrat placement at all study sites. Newly emerged blueberry ramets were counted and marked with colored elastic bands once or twice weekly from early May until late October. Dead ramets were counted to estimate ramet mortality, and elastics were removed. Ramets at tip dieback were counted and tagged with metal wire to prevent double-counting. Ramets were considered to have reached tip dieback when the black tip associated with death of the apical meristem was observed (Barker and Collins, 1963) . In the bearing year, blueberry ramets with at least one open flower were counted as flowering and marked with metal wire once or twice weekly starting in early spring and continuing until no new ramets with open flowers were observed. Flowers were considered open when internal structures of the blossom (e.g., pistils and stamens) were visible to the naked eye. Counts for ramet emergence, ramets at tip dieback, and flowering were expressed on a percent cumulative scale for modeling purposes. Six additional 0.09-m 2 quadrats were established at bearing year sites in 2011 to estimate the total number of open flowers per blueberry ramet during the bloom period. Ten blueberry ramets in each quadrat were tagged before the beginning of flowering, and the total number of open flowers on each tagged ramet was counted twice weekly until the end of the bloom period. Data for each of the 10 tagged ramets per quadrat were combined to obtain the mean percent of open flowers per quadrat on each counting date. These data are presented as the mean percent of the total number of open flowers per ramet.
Development of growing degree-day models. Cumulative blueberry ramet emergence, ramets at tip dieback, and flowering ramets were plotted as functions of GDD. Fitting of nonlinear equations as well as parameter estimates for these equations was conducted using the Gauss-Newton algorithm in PROC NLIN of the SAS system for Windows Version 9.2 (SAS Institute, Cary, NC). Percent cumulative blueberry ramet emergence (Y) was related to cumulative GDD with a Weibull equation of the form:
where Y is percent cumulative emergence at any given GDD, k is the theoretical maximum percent cumulative emergence, b is the rate of increase in percent cumulative emergence, m is the lag phase until the onset of emergence, and c is a shape parameter (Martinson et al., Table 1 . Description of study sites used to collect data for calibration and validation of growing degree-day models developed for lowbush blueberry in Nova Scotia, Canada. Purdy-2009 , Purdy-2010 , Wyvern-2009 , Wyvern-2010 , Pigeon Hill-2010 , and Pigeon Hill-2011 obtained from Nowland and MacDougall (1973 ; soil type for Londonderry-2010 , Londonderry-2011 , North River-2011 , and Mount Thom-2011 obtained from Webb et al. (1991 . x pH and % OM (% organic matter) determined from four soil cores taken to a depth of 10 cm at each site. Cores were combined to form a composite sample for each site. Composite samples submitted to the Nova Scotia Department of Agriculture Provincial Analytical Laboratory for analysis. w Soil pH and %OM data for this site were unavailable.
2007). The base air temperature for blueberry ramet emergence was determined by iterating a series of base temperatures (0 to 5°C in 1-°C intervals) in Eq. 2 until the best fit was obtained between percent cumulative ramet emergence and cumulative GDDs (Izquierdo et al., 2009 ). The best fit was obtained for T base equal to 0°C. Given no current biological justification for using an alternative T base , 0°C was chosen based on best fit and simplicity in data calculation in both the current study and for potential end-users of the proposed model. Percent cumulative blueberry ramets at tip dieback (Y) was related to cumulative GDD with a Gompertz equation of the form:
where Y is percent cumulative ramets at tip dieback, k is the theoretical maximum percent cumulative ramets at tip dieback, b is the rate of increase in percent cumulative ramets at tip dieback, and m is the inflection point of the curve on the x-axis (Dorado et al., 2008) . Percent cumulative flowering ramets in the bearing year was related to cumulative GDD using the Weibull equation described previously, where Y is percent cumulative flowering ramets, k is the theoretical maximum percent cumulative flowering ramets, b is the rate of increase in percent cumulative flowering, m is the lag phase until the onset of flowering, and c is a shape parameter. The mean percent of total open flowers was related to cumulative GDD with a Gaussian equation of the form:
where Y is the mean percent of total open flowers, k is the theoretical maximum percent of total open flowers, m is the GDD at the maximum percent of total open flowers, and b is a shape parameter. Using the iterative procedure described, T base values between 0 and 5°C provided similar fit of the proposed tip tieback and flowering models (based on criteria described subsequently). A T base value of 0°C was, therefore, maintained for GDD calculations to allow for use of the same GDD scale when comparing thermal requirements for emergence, tip dieback, and flowering. Assessing fit and validation of growing degree-day models. Goodness of fit for all models was determined by calculating the coefficient of determination (R 2 ) and adjusted coefficient of determination (R 2 Adj ):
and
where y obs and y pred are the observed and predicted values, respectively, n is the number of observations, and p is the number of parameters in the regression equation (Bowley, 2008) and the root mean square error (RMSE):
Goodness of model fit was based on low RMSE and R 2 Adj values close to 1, and these formulae and criteria were used when assessing fit of all models proposed in this study.
Models for percent cumulative blueberry ramet emergence and percent cumulative ramets at tip dieback were validated with emergence and tip dieback data from two non-bearing year sites that were not used for model calibration (Wyvern in 2009 and North River in 2011) ( Table 1) . The model for predicting percent cumulative flowering ramets was validated at two sites in the Collingwood area (Wyvern in 2010 and Pigeon Hill in 2011) ( Table 1 ). Emergence and development data were expressed as percent cumulative emergence and development and plotted against cumulative GDD. Emergence and development predictions were calculated with the models and plotted against actual emergence and development, and the R 2 Adj and RMSE described previously were used to assess agreement between observed data and model predictions. The Gaussian model fit to the percent of total open flowers was not Table 4 .
validated as a result of lack of additional siteyears of data.
Results
General trends in emergence, tip dieback, and flowering. Blueberry ramets emerged between 222 and 265 GDD (6 May to 14 May) at all study sites (Fig. 3A) . Emergence up to 90% was rapid but was followed by a slower emergence period that delayed peak emergence until 2132 to 2768 GDD (13 Sept. to 20 Oct.) (Fig. 3A) . Survival of emerged ramets in the non-bearing year was greater than 90% at all sites (data not shown). Ramets were first observed at tip dieback between 598 and 792 GDD (14 June to 21 June) (Fig. 3B ), which coincided with 72% to 96% blueberry ramet emergence. Duration of tip dieback was 42 to 119 calendar days and the percent of ramets at tip dieback peaked between 1529 and 2480 GDD (29 July to 11 Oct.) (Fig. 3B) . Blueberry flowering in the bearing year began between 376 and 409 GDD (19 May to 30 May) and continued for 21 to 42 calendar days after initiation (Fig. 3C) . The percentage of flowering ramets peaked between 692 and 748 GDD (16 June to 17 June) (Fig. 3C ), but the maximum percentage of total open flowers was recorded between 538 and 564 GDD (7 June) (Fig. 4) . Less than 5% of the total number of open flowers remained by 748 to 773 GDD (23 June) (Fig. 4) .
Development of growing degree-day models. Plotting ramet emergence, ramets at tip dieback, and flowering as functions of GDD generally reduced the variability between sites observed when data were plotted as a function of day of year (data not shown). The proposed models provided good fit to the field data and accurately predicted cumulative emergence, ramets at tip dieback, and flowering as functions of cumulative GDD ( Fig. 3 ; Table 2 ). Model predictions for the initiation of emergence and tip dieback in the nonbearing year were 243 and 692 GDD, respectively, whereas 389 GDDs were predicted to accumulate before the initiation of flowering in the bearing year. Model predictions for 10%, 50%, 90%, and 95% emergence, ramets at tip dieback, and flowering are provided in Table 3 . Both the Weibull and Gaussian models gave similar predictions for the initiation of flowering, and the Gaussian model predicted the maximum percentage of total open flowers (e.g., peak bloom) by 552 and 565 GDD at Pigeon Hill and Londonderry, respectively, in 2011 ( Fig. 4; Table 4 ). According to the Gaussian model, the bloom period lasted for just over 400 GDDs at the study sites used to develop the model in 2011 (Fig. 4) .
Model validation. Model predictions for blueberry ramet emergence, ramets at tip dieback, and flowering agreed quite closely with the observed values (Fig. 5) , indicating good performance of these models for predicting emergence and development of lowbush blueberry ramets in Nova Scotia. All models had high R 2 Adj and low RMSE (Table 5) , indicating that temperature is likely the dominant factor affecting emergence and development of lowbush blueberry ramets in Nova Scotia. The proposed emergence model predicted a slightly faster rate of emergence at North River in 2011 than was observed at this site, but the onset of ramet emergence was accurately predicted at both North River in 2011 and Wyvern in 2009 (Fig. 5A-B) . The Table 2 . Parameter estimates and goodness of fit statistics for proposed Weibull and Gompertz equations describing the relationship between growing degree-days (GDDs) calculated from air temperature (T base = 0°C) and percent cumulative lowbush blueberry ramet emergence, percent cumulative ramets at tip dieback, and percent cumulative flowering ramets in Nova Scotia, Canada. 
and the Gompertz equation was of the form Y = k 3 exp À exp Àb GDD À m ð Þ ð Þ ½ . y Weibull model parameters, k = theoretical maximum percent cumulative ramet emergence or percent cumulative flowering ramets, b = rate of increase in percent cumulative ramet emergence or percent cumulative flowering ramets, m = the lag phase until the onset of emergence or flowering, and c = shape parameter (Martinson et al., 2007) ; Gompertz model parameters, k = theoretical maximum percent cumulative ramets at tip dieback, b = rate of increase in percent cumulative ramets at tip dieback, and m = inflection point of the curve on the x-axis (Dorado et al., 2008 ). x RMSE = root mean square error. w Parentheses indicate SE of parameter estimates. Table 3 . Estimated growing degree-days (GDDs) calculated from air temperature (T base = 0°C) to reach 10%, 50%, 90%, and 95% cumulative lowbush blueberry ramet emergence, percent cumulative ramets at tip dieback, and percent cumulative flowering ramets in Nova Scotia, Canada.
Model Equation
Percent cumulative 10 50 GDD estimates from calibrated Weibull and Gompertz equations described in Table 2 . Table 4 . Parameter estimates and goodness of fit statistics for the Gaussian model describing the relationship between growing degree-days (GDDs) calculated from air temperature (T base = 0°C) and percent of the total number of open flowers on lowbush blueberry ramets in Nova Scotia, Canada. Fig. 5C-D ; Table 5 ). Model predictions from the Weibull function used to predict flowering were in close agreement with observed flowering at both Wyvern in 2010 and Pigeon Hill in 2011 ( Fig. 5E-F ; Table 5 ).
Discussion
The pattern of blueberry ramet emergence observed in our study was similar to that reported for lowbush blueberry after burning of a Pinus banksiana stand in Manitoba (Hoefs and Shay, 1981) . Observations from managed lowbush blueberry stands, however, report a much shorter emergence period (Eggert, 1957; Trevett, 1962) . Duration of blueberry ramet emergence is thought to be regulated by apical dominance (Kender, 1968; Trevett, 1962) . The onset of the slow emergence period observed in our study coincided with the initial detection of dead ramets, so it seems likely that new ramets emerged throughout the latter portion of the season simply in response to a release of apical dominance. Matlack et al. (1993) also reported 
. Goodness-of-fit statistics for assessing agreement between observed and model predicted values are given in Table 5 . Table 5 . Goodness-of-fit statistics for validation of proposed Weibull and Gompertz models for predicting the relationship between growing degree-days (GDDs) calculated from air temperature (T base = 0°C) and percent cumulative lowbush blueberry ramet emergence, percent cumulative ramets at tip dieback, and percent cumulative flowering ramets in Nova Scotia, Canada. that death of dominant meristems was required for shoot regeneration in black huckleberry (Gaylussacia baccata), a rhizomatous shrub very similar in growth form to lowbush blueberries.
Previous reports describing the onset and duration of tip dieback vary in consistency with our observations. Eggert (1957) reported both a later initiation of tip dieback and a much shorter duration of this developmental phase in burn-pruned blueberry clones in Maine. Timing and duration of tip dieback in burned plots in Manitoba and New Brunswick, however, were similar to that reported in the current study (Barker and Collins, 1963; Hoefs and Shay, 1981) . Duration of tip dieback development in our study seemed to be affected by the tendency of later-emerging ramets to transition to this developmental stage. In some years (e.g., Purdy in 2009), many later-emerging ramets did not exhibit tip dieback, whereas in other years (e.g., North River in 2011), later-emerging ramets followed a developmental pattern similar to earlier-emerging ramets. Ramets emerging after 90% emergence generally remained much shorter than those emerging earlier (based on visual observation), but the requirement for a critical level of vegetative growth before tip dieback development is generally unaccepted (Barker and Collins, 1963) . Poor growth and development of blueberry ramets occurs under shaded conditions (Hall, 1958; Hall and Ludwig, 1961) , so shading by earlier emerging ramets may have affected growth and development of later emerging ramets in some of the quadrats. In the end, the contribution of ramets emerging late in the non-bearing year to final yield in the bearing year is unclear, and some emphasis should be placed on determining the survival and contribution of these ramets to flowering and fruit production in the bearing year.
The development of GDD models for lowbush blueberry is a major step forward in terms of improving the ability to predict emergence and development of this species. Lowbush blueberry ramet emergence as a function of GDDs was very similar across sites (Fig. 3A) , and validation of the proposed model indicated good agreement between model predictions and field observations (Fig. 5A-B) . Important herbicides such as hexazinone are applied pre-emergence to blueberries to prevent unacceptable crop injury (Jensen, 1985) . This gives the model use in predicting the application timing of hexazinone and other pre-emergence herbicides. Moisture was not limiting during the emergence period at any of the study sites ( Figs. 1  and 2 ). This may have facilitated the relatively uniform emergence across study sites, but the effects of limited soil moisture on vegetative growth of the lowbush blueberry are generally minimal (Benoit et al., 1984; Glass et al., 2005) . Moisture conditions in this study were also typical for early spring in Nova Scotia and results from this study should be applicable to most growing seasons in this region.
Accumulation of GDDs was a good predictor of tip dieback because model predictions from the proposed Gompertz model agreed quite closely with the field observations used to validate the model (Fig. 5C-D) . Although other factors can affect apical shoot abortion in blueberry (Hall and Ludwig, 1961; Kender, 1967) and other woody species (Barros and Neill, 1987; Junttila, 1976) , our data indicate that temperature alone is adequate for predicting tip dieback in blueberry under field conditions in Nova Scotia. Fertility recommendations for blueberries are based on nutrient levels in leaf samples collected at 90% to 100% tip dieback in the non-bearing year (Smagula and Yarborough, 2010) , so leaf samples should be collected %1600 GDD in non-bearing fields in Nova Scotia (95% tip dieback prediction; Table 3 ). In terms of pest management, tolerance of lowbush blueberry to herbicides in the nonbearing year tends to vary with the developmental stage of ramets at the time of herbicide application (N.S. Boyd, unpublished data). Combining predictions of ramet emergence with predictions of tip dieback development in the non-bearing year will be useful in future evaluations of new herbicides for managing increasingly diverse weed populations (Jensen and Yarborough, 2004) .
Temperature is an important factor affecting opening of lowbush blueberry flower buds in spring (Hall et al., 1979; Wood, 1961) and our results indicate that it is the main factor driving the rate of blueberry flowering in the field in Nova Scotia. Predictions from our proposed Weibull model were in close agreement with field observations ( Fig. 5E-F) and can be used to facilitate disease monitoring at early bloom and improve timing of bearing-year hexazinone applications (Delbridge et al., 2011; Jensen, 2002) . When combined with the results from the Gaussian model ( Fig. 4; Table 4 ), both the onset and duration of flowering can be predicted and used to improve pollination through the proper timing of pollinator introduction and removal from a given field.
Conclusions
The results from this study provide strong evidence that temperature is one of the most important factors regulating the emergence and development of lowbush blueberry ramets in Nova Scotia. The GDD models presented can be used to accurately predict blueberry emergence, tip dieback, and flowering in Nova Scotia. These models have use in the timing of pest, fertility, and pollinator management during the 2-year lowbush blueberry production cycle. Additional emergence and development data sets should be collected throughout regions of Nova Scotia outside the range of this study to provide further validation or improvement of the models. Lowbush blueberry acreages in other provinces in Atlantic Canada have increased substantially over the past 20 years (Strik and Yarborough, 2005) . Attempts to validate the proposed models in these regions as well as other important production regions such as Maine will be important for assessing the applicability of the models outside of Nova Scotia.
